Background--Heart failure (HF) is associated with increased arrhythmia risk and triggered activity. Abnormal Ca 2+ handling is thought to underlie triggered activity, and mitochondria participate in Ca 2+ homeostasis.
T he origin of arrhythmias in heart failure (HF) is unknown, but prolongation of the action potential (AP) accompanied by early afterdepolarizations (EADs) has been implicated as one possible cause. 1, 2 EADs are secondary depolarizations during the AP plateau or repolarizing phases, which are thought to be caused by abnormal ion channel function and Ca 2+ handling during the AP plateau. 3 Cardiac mitochondria occupy as much as %33% to 40% of cell volume and are located beneath the plasma membrane and between myofibrils. 4, 5 Mitochondria are known to be involved in Ca 2+ handling, playing an important role in cytoplasmic Ca 2+ homeostasis, especially when sarcoplasmic reticulum (SR) Ca 2+ release is reduced in HF. 6 Mitochondrial Ca 2+ homeostasis is believed to involve Ca 2+ influx into the matrix, mainly via the mitochondrial calcium uniporter (MCU), with the major efflux pathway being the mitochondrial Na + -Ca 2+ exchanger (NCX). 7, 8 Mitochondrial membrane potential is the electromotive driving force for mitochondrial Ca 2+ uptake. 9 There are several possible mechanisms for an increase in mitochondrial Ca 2+ flux in HF. Ca 2+ /calmodulin-dependent protein kinase II activity is elevated in HF and positively correlates with enhanced mitochondria Ca 2+ uptake. 10 Mitochondrial numbers and area are increased in HF. 11, 12 Reactive oxygen species are increased in HF, and oxidation of the MCU
Physiological Assessment
Blood pressure and heart rate were measured on acclimated conscious mice 6 weeks after surgery using tail-cuff plethysmography (Columbus Instruments, Columbus, OH). Transthoracic echocardiography was performed using the Vevo 2100 system equipped with a RMV-707B transducer (VisualSonics, Toronto, ON, Canada). During blood pressure and echocardiography measurements, mice were anesthetized with 1% isoflurane in oxygen and were closely monitored during the procedure. Images were obtained from the parasternal long axis view and parasternal short axis view at the midpapillary level. Wall thickness, chamber size, and ejection fraction were evaluated by 2-dimensional and M-mode echocardiography. Measurements were averaged from 3 consecutive beats. 15 
Telemetry Monitoring
Seven randomly selected nonischemic HF mice and 7 randomly selected C57BL/6 control mice, aged 17 weeks, were implanted with ETA-F10 transmitters (Data Sciences International, St Paul, MN), as described before. 6 Mice were anesthetized by IP injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). A skin incision was made in the right abdominal region, and a transmitter was inserted subcutaneously. The 2 electrocardiographic leads were tunneled and positioned under the skin to generate a lead II electrocardiographic configuration. One week after transmitter implantation, electrocardiographic signals were recorded for 24 hours. ECG recordings were performed at 6 weeks after the start of DOCAsalt treatment. Heart rate calculations and cardiac rhythm analysis were performed by using Dataquest ART, version 4.1 (Data Sciences International) and LabChart 7 Pro, version 7.3.7 (ADinstruments). For arrhythmia provocations, 2 doses of isoproterenol were injected into the peritoneum (IP; 0.2 and 2.5 mg/kg). [16] [17] [18] [19] After establishing the baseline rhythm for 24 hours, each mouse received low dose of isoproterenol. After 4 hours, high-dose isoproterenol was applied, and the ECG was recorded for another 2 hours.
Clinical Perspective
What Is New?
• Heart failure is associated with increased arrhythmia risk and triggered activity.
• Abnormal Ca 2+ handling is thought to underlie triggered activity, and mitochondria participate in Ca 2+ homeostasis.
• Nonischemic heart failure was accompanied by increased arrhythmic risk, and isolated myopathic myocytes showed increased mitochondrial Ca 2+ transients, action potential duration, and triggered activity.
• Arrhythmias and action potential prolongation could be improved by inhibiting mitochondrial Ca 2+ entry through the mitochondrial Ca 2+ uniporter.
What Are the Clinical Implications?
• Mitochondrial Ca 2+ handling may represent a therapeutic target to reduce arrhythmic risk in cardiomyopathy.
Cardiomyocyte and Mitoplast Isolation
Ventricular cardiomyocytes were isolated, as described before. 14, 20 Randomly selected mice were anesthetized using inhaled isoflurane (3% for induction and 1.5%-2% for maintenance). After the anesthetized mouse was nonresponsive to toe pinch, a thoracotomy was performed. The rib cage was cut bilaterally and flipped over to expose the heart. The heart was then excised and placed immediately in a petri dish filled with ice-cold Tyrode's solution. The heart was then perfused with buffer (in mmol/L: NaCl 113, KCl 4.7, Na 2 HPO 4 0.6, KH 2 PO 4 0.6, MgSO 4 1.2, phenol red 0.032, NaHCO 3 12, KHCO 3 10, HEPES 10, taurine 30, and 2-3-butanedione monoxime 10) and digested with collagenase II (Worthington Biochemical Co, Lakewood, NJ). Cardiomyocytes were washed with control buffers (in mmol/L: NaCl 133.5, KCl 4, Na 2 HPO 4 1.2, HEPES 10, and MgSO 4 1.2) with serially increasing Ca 2+ concentrations (0.2, 0.5, and 1 mmol/L). Then, myocytes were incubated in minimal essential medium (modified Eagle's medium with 1% insulin-transferrin-selenium, 0.1% bovine serum albumin, 1% l-glutamine, and 1% penicillin/streptomycin) in a 95% O 2 /5% CO 2 incubator at 37°C for 1 hour before being used for patch clamp recording and Ca 2+ transient measurements.
Isolation of mitochondria was performed on ice. Freshly harvested mouse ventricle was washed 3 times with a buffer (in mmol/L: mannitol 225, sucrose 70, EGTA 1, HEPES 10, pH 7.4 with KOH). Then, the tissue was cut into small pieces with scissors. Tissue was digested by proteinase, bacterial (P8038-50MG; Sigma; 5 mg/10 mL) at room temperature for 8 minutes. Bovine serum albumen (20%) was used to stop the digestion reaction. Tissue was homogenized. Nuclei and unbroken cells were pelleted by centrifugation at 1000g for 4 minutes twice. The mitochondrial and cytosolic fraction was obtained from the supernatant by centrifugation at 10 700g for 10 minutes twice. The pellet was resuspended in 500 lL of buffer without EGTA (pH 7.2 with KOH).
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Electrophysiological Recordings
An Axopatch-200B amplifier (Molecular Devices, Foster City, CA) was used to record APs or membrane currents by a perforated or ruptured patch technique. 22 Measured currents included the L-type Ca 2+ current (I Ca,L ), 23 K + current, 24 and NCX current. 25 MCU current (I MCU ) was recorded in the wholemitoplast voltage clamp configuration. 10, 21 For AP recordings, pipettes were filled with (in mmol/L) the following: potassium gluconate 120, KCl 20, NaCl 5, HEPES 5, and MgATP 5 (pH 7.2). The extracellular bathing solution (Tyrode's solution) contained (in mmol/L) the following: NaCl 140, KCl 5.4, MgCl 2 1, HEPES 10, CaCl 2 1.8, and glucose 5.5 (pH 7.4). For perforated current-clamp experiments, b-escin (50 lmol/L) was added to pipette solution, and pipette resistance was %5 MΩ. 22 For ruptured current-clamp experiments, EGTA (20 lmol/L) was added to pipette solution, and pipette resistances were %2 MΩ. Electric stimuli (0. .0, and HEPES 10, adjusted to pH 7.4 with NaOH. In the zero-Na solution, Li salts were used to replace Na. The external solutions for the AP clamp experiments (both zero and normal Na) were slightly modified and contained 4.4 mmol/L KCl and either 140 mmol/L Na or Li. Ryanodine was used at a concentration of 10 lmol/L. Ten 100-ms clamp pulses from À40 to +10 mV produced a tetanic contracture. After the last pulse, the cell was repolarized to À100 mV, and Na was rapidly applied. This activated a transient inward current and prompted relaxation of the cell. I MCU was recorded in whole-mitoplast voltage clamp configuration. 10, 21 Mitoplasts were perfused with solution containing the following (mmol/L): Na gluconate 150, HEPES 10, and CaCl 2 5 (pH 7.4, adjusted with NaOH). Pipettes, after filling with solution (in mmol/L) of Na gluconate, NaCl 5, sucrose 135, HEPES 10, and EGTA 1.5 (pH 7.2 with NaOH), had an access resistance of %25 MΩ. After formation of a GΩ seal between the patch-clamp pipette and inner mitochondrial membrane, capacitance transients were completely compensated. Voltage of 0.2 or 1.3 V and 0.5 to 300 ms was then applied to rupture the membrane and obtain the wholemitoplast configuration, as monitored by reappearance of capacitance transients and an increase in baseline noise. After rupturing of mitoplast membranes, the capacitance was %1.8 pF. A ramp voltage command protocol from À160 to +80 mV, for 2 seconds, was applied from a holding potential of 0 mV to evoke currents. Records were low-pass filtered at 5 kHz and digitized at 20 kHz. For phosphorylated MCU protein analysis, protein samples prepared from ventricular tissues were homogenized in a buffer containing 20 mmol/L Tris HCl (pH 7.4), 150 mmol/L NaCl, 2.5 mmol/L EDTA, 1% Triton X-100, 0.5% deoxycholate, 50 mmol/L NaF, 1 mmol/L Na 3 VO 4 , and 10 lL/mL protein inhibitor cocktail (Pierce). Cell debris was removed by centrifugation at 13 000g for 10 minutes. MCU proteins were immunoprecipitated with anti-MCU antibody (CCDC109A [Q-14] ; Santa Cruz Biotechnology) using Pierce Classic Magnetic IP/Co-IP Kit (Thermo Fisher Scientific, Waltham, MA), according to the manufacturer's instructions. In brief, cells were harvested with ice-cold immunoprecipitation lysis/wash buffer. Equal amounts of protein (1000 lg) lysates were mixed with 5 lg of anti-MCU antibody and left overnight at 4°C in a tube rotator to form immune complexes. Pierce protein A/G magnetic beads were then washed with immunoprecipitation lysis/wash buffer and added to the antigen sample-antibody mixture. After mixing for 1 hour at room temperature, beads were collected with a magnetic stand and washed 3 times with immunoprecipitation lysis/wash buffer and once with ultrapure water. Complexes were eluted from the beads with elution buffer, followed by neutralizing with neutralization buffer. Then, the supernatant was separated onto 4% to 10% mini-PROTEAN TGX gels (Biorad) and transferred to nitrocellulose membranes. The membranes were blotted with a 1:1000 dilution of antiphosphotyrosine antibody (EMD Millipore, Temecula, CA) to detect phosphorylated MCU. Sheep anti-mouse horseradish peroxidase antibody (Santa Cruz Biotechnology) was used at a dilution 1:5000. Protein expression levels were detected using Clarity Western ECL Blotting Substrate (Biorad). Band intensities were detected by ChemiDoc MP Imaging System and analyzed by Image Lab software (Biorad). MCU proteins pulled down were immuoblotted with anti-MCU antibody and were used as a loading control.
Cytoplasmic
Real-Time Polymerase Chain Reaction Quantification
Total RNA was isolated from mouse ventricular tissue using the RNeasy Mini Kit (Qiagen, Valencia, CA), according to the manufacturer's instructions. Total RNA was reverse transcribed into cDNA using SuperScript VILO Master Mix 
Mitochondrial Membrane Potential Measurement
Ventricular myocytes were incubated with tetramethylrhodamine methyl ester (50 nmol/L) for 30 minutes in Tyrode's solution at 22°C. Cells were transferred onto the stage of a real-time florescence microscope (Olympus IX81; Japan). The images (204892048 pixels) were acquired at room temperature with an interval of 2 minutes. Analysis of the signals was performed with the MetaMorph software, version 7.8.11.0 (Nashville, TN). Tetramethylrhodamine methyl ester was excited at 540 nm, and fluorescence was recorded at 605 nm. Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (20 lmol/L) was added to the bath solution after 10 minutes of recording.
Mouse Ventricular Cell Computer Model and Simulation
On the basis of our previous Ca 2+ cycling 31 and metabolism 32 models, we developed a mouse excitation-contractionmetabolism coupling model and used it to investigate the effects of MCU on EADs ( Figure 1A ). The cell contained 32768 (64932916) Ca 2+ release units (CRUs) and 8192 mitochondria. The CRU/mitochondrion ratio was 1:1 in the longitudinal direction and 2:1 in the transverse direction. Mitochondrial membrane voltage was modeled following Yang et al, 32 with MCU and the mitochondrial NCX being taken from Cortassa et al. 33 In this model, mitochondrial
free Ca 2+ has a %10% diastolic-to-systolic variation in controls, in good agreement with a recent experimental study. 34 The charge of the mitochondrial membrane potential was %À182 mV.
Spatial Structure of Ventricular Myocyte Model
The ventricular myocyte model used in this study is a 3-dimensional object containing 32768 CRUs ( Figure 1A ), with CRU spacing being 1.84 lm in the longitudinal direction and 0.9 lm in the transverse direction, corresponding to a dimension of 118929915 lm. The arrangement of mitochondria in heart muscle cells is shown as a "crystal-like" pattern in the experiment by Vendelin et al, 35 in which neighboring mitochondria are aligned along a rectangle, with the distance between the centers equal to 1.97AE0.43 and 1.43AE0.43 lm in the longitudinal and transverse directions, respectively. According to this measurement, the mitochondria in our model are designed to attach to every CRU in the longitudinal direction and every other CRU in the transverse direction. This arrangement results in 8192 (6491698) mitochondria in our cell model, which agrees with the physiological range of 7000 to 10 000 mitochondria in a cardiac myocyte. The CRUs are coupled via Ca 2+ diffusion in the cytosolic space and SR. The model is modified from the one developed by Restrepo et al. 36 The details of the model are described in the later sections. Briefly, each CRU contains 5 subvolumes with defined volume ratios: network SR (NSR), junctional SR 
Membrane Voltage and Ionic Currents
The ionic currents of mouse ventricular myocytes were originally formulated by Morotti et al, 37 except for I Ca,L , which is modeled by Hodgkin-Huxley formalism. The total ionic current is as follows:
LCC model
The The transition rates between different states of the LCC model are as follows: 
r 1 and r 2 are constants. The parameters are listed in Table 1 . The details of the other ionic currents are described in Morotti et al. 37 The modified parameters are listed in Table 2 .
Mitochondrial Membrane Voltage and Ionic Currents
The mitochondrial membrane potential is given by the following:
The mitochondrial Ca 2+ uniporter was originally modeled by Magnus and Keizer. 38 Herein, we replace the cytosolic Ca 2+ concentration with the proximal Ca 2+ concentration because the Ca 2+ uniporter may directly face the dyad. 39 The formula is as follows:
The NCX was inherited from Cortassa et al. 33 The formula is as follows: 
The corresponding parameters are listed in Table 3 .
Intracellular and Mitochondrial Ca 2+ Cycling
The dynamics of Ca 2+ cycling in the individual CRUs are described by the following equations:
, if a mitochondrion connects the CRU, otherwise h mito =0. The volumes of different compartments and other parameters are listed in Table 4 . The diffusion flux and buffers of the Ca 2+ cycling remain the same as in Song et al. 31 Parameter Changes in the HF Condition
In the condition of HF, the values of NCX and LCC conductance are increased by 30% and 20%, respectively, which agrees well with our experimental measurement. The close-to-open rates of RyRs are increased by 30%. The maximum SERCA activity is reduced by 67%. I Kr , I Kslow1 , I Kslow2 , I K1 , I to,f , and I ss are reduced by 50%.
Numerical Analysis
The spatial cell model was coded in CUDA C. The ordinary differential equations were integrated numerically with the Euler method. Stochastic openings of LCCs and RyRs were numerically solved by the Gillespie algorithm. The gating variables were integrated using the method by Rush and Larsen. The time step was 0.01 ms. For all the simulations, we paced the cell at a pacing cycle length of 2 seconds for 50 beats. EADs were examined at the last 2 beats. HF remodeling alterations were simulated on the basis of our previous study 40 and experimental information from the current study: (1) RyR leakiness was increased by increasing the transition rate from the closed state to the open state by 30%; (2) the maximum SERCA activity was reduced by 67%, and the K d was reduced from 0.6 to 0.3 lmol/L to simulate increased phospholamban phosphorylation; (3) the NCX, I NCX , was increased by 30%, and the I Ca,L was increased by 20%; (4) potassium currents, I Kr , I to,f , I kslow1 , I kslow2 , and I K1 , were reduced by 50%; and (5) MCU activity was increased by 3-fold from normal control. The cell was paced by a current pulse of 2 ms with an amplitude of À50 pA/pF (current-clamp mode) at a pacing cycle length of 2 seconds for 50 beats to reach 
JSR indicates junctional sarcoplasmic reticulum; NSR, network sarcoplasmic reticulum.
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Statistical Analysis
Data were shown as the meanAESEM. As noted in the text, Mann-Whitney and Fisher's exact tests were used for statistical analysis. Bonferroni correction was used for multiple comparisons. P<0.05 was considered statistically significant. SigmaPlot, version 11.0 (Systat Software, Inc, San Jose, CA) was used for statistical analysis.
Results
Sustained Hypertension Caused Nonischemic Cardiomyopathy
At 6 weeks after surgery, nonischemic HF mice developed hypertension with a significant augmentation of both systolic and diastolic blood pressure, as measured by tail-cuff plethysmography (Table 5) . Echocardiography showed an impairment of systolic function. Ejection fraction decreased from 49AE4% in control mice to 36AE2% in nonischemic HF C57BL/6 mice (P<0.05). The left ventricular chamber was enlarged at both end systole and end diastole (Table 5) . Ejection fraction decreased from 63AE2% in control mice (n=6) to 51AE3% in nonischemic HF CD1 mice (n=5, P<0.01).
Nonischemic HF Mice Showed Induced Arrhythmias
ECG recordings were performed 6 weeks after the start of DOCA-salt treatment. The heart rate remained constant, but the corrected QT (QTc) interval increased from 42AE1 ms in sham mice to 52AE2 ms in nonischemic HF mice (P<0.05, Figure 2B ). With low-dose isoproterenol (IP 0.2 mg/kg), 100%
of nonischemic HF mice showed induced premature ventricular contractions versus only 29% of the sham mice (P<0.05 by Fisher's exact test). With high-dose isoproterenol (2.5 mg/ kg), 3 of 7 nonischemic HF mice and no control mice had ventricular fibrillation or tachycardia ( Figure 2A ). All nonischemic HF mice and control mice had premature ventricular contractions after high-dose isoproterenol. These results implied that nonischemic HF mice were more prone to arrhythmia when compared with sham control mice.
Myopathic Mice Had Increased EADs
APs were recorded from acutely isolated mouse left ventricular cells by perforated current-clamp. Compared with control APs, nonischemic HF cardiomyocytes showed an increase in the APD at 90% repolarization (APD90) from 83AE21 to 242AE45 ms (P<0.01, Table 6 ). APD90s were calculated from APs without EADs. The APD prolongation was qualitatively consistent, with the QTc prolongation seen in vivo ( Figure 2B ). The peak amplitudes of APs and the resting membrane potentials of ventricular cells were the same between nonischemic HF and sham mice (Table 6 ). Of nonischemic HF ventricular myocytes, 66% showed EADs compared with 17% of sham myocytes ( Figure 3A , could substantially shorten APD90 ( Figure 4 , Table 6 ).
Electrophysiological Basis for EADs in Nonischemic HF Cardiomyocytes
Myopathic ventricular cells showed a reduction of the peak and steady-state K + currents ( Figure 5A ). In addition, the depolarizing I Ca,L values were enhanced in nonischemic HF mice ( Figure 5B ). Finally, NCX currents were increased by 41% in nonischemic HF ventricular cells (1.11AE0.09 versus 1.57AE0.10 pA/pF, P<0.05, Figure 5C ). The increase in depolarizing currents and the decrease in repolarizing currents could explain why APD90 increased in nonischemic HF mice.
Altered Cytoplasmic and Mitochondrial Ca
2+ Transients in Myopathic Ventricular Cells
Compared with control cells, the peak amplitudes (F/F 0 ) of cytoplasmic Ca 2+ transients were reduced by 33% (F/F 0 :
3.82AE0.35 versus 2.56AE0.38; P<0.05) in nonischemic HF ventricular cells. There were no differences in the baseline fluorescence, the time to 90% peak, and the decay time constants of cytosolic Ca 2+ transients among the sham and nonischemic HF groups ( Figure 3C , Table 7 ). An average of 3 consecutive traces without EADs was used for data analysis. Cytoplasmic Ca 2+ transients in the presence of EADs had Figure 3A and Figure 4 ). Meanwhile, there was a significant increase of I MCU in nonischemic HF mitoplasts ( Figure 3B ). The average I MCU at À160 mV was 496.6AE33.9 pA in sham mitoplast versus 722.6AE91.7 pA in nonischemic HF mitoplast (P<0.05). Single-channel currents of I MCU recorded from mitoplasts isolated from sham and nonischemic HF mouse hearts (data not shown) indicate that MCU activity is increased in HF by % 3-fold. Specific knockdown of MCU was undertaken, as shown in Figure 6A and 6B. MCU +/À nonischemic HF mice showed qualitatively similar alterations of APs and mitochondrial Ca 2+ transients as internal application of 1 lmol/L Ru360 (Table 9, Table 10 , and Figure 4 , Figure 7 ). Although MCU . The holding potential was À50 mV. Voltages were from À40 to +60 mV, with a step of +10 mV and a duration of 300 ms. C, The average inward Na + -Ca 2+ exchanger (NCX) currents (n=7 cells from 2 mice in sham group, and n=9 cells from 2 mice in NI-HF group). Cells were put in a solution containing no Na + and 10 µmol/L ryanodine. The holding potential was À40 mV. Ten 100-ms steps from À40 to +10 mV were followed by a step to À100 mV to repolarized cells. This step was accompanied by rapidly applied Na + to record NCX currents. *P<0.05 compared with that in sham group. (Tables 9 and 10 ).
Inhibition of Mitochondrial Ca 2+ Transients Reduced Arrhythmias
Compared with WT nonischemic HF mice, NCX current density was reduced in MCU +/À nonischemic HF mice ( Figure 6C ).
Although all WT nonischemic HF mice had EADs, EADs were not observed in 8 MCU +/À nonischemic HF mice ( Figure 7 and Figure 8A ).
Possible Mechanism of Increased Mitochondrial Ca 2+ Transients in Nonischemic HF Cardiomyocytes
Fluorescence staining results revealed that the overall mitochondrial mass increased in the nonischemic HF group, consistent with previous reports ( Figure 9A) Figure 9B ), suggesting that changes in mitochondrial membrane polarization were unlikely to be a cause of the increased transients.
Computer Simulations
Under normal control conditions (left panel in Figure 10A ), the APD is %35 ms, and the amplitude of the cytosolic Ca 2+ transient is %0.2 lmol/L with a pacing cycle length of 2 seconds. The SR Ca 2+ load and nadir are %700 and %500 lmol/L, respectively. The mitochondria free Ca 2+ concentration is %20 nmol/L and has an %10% diastolic-tosystolic variation. To investigate the effects of MCU activity and LCC conductance on AP dynamics under the normal condition (right panel in Figure 10A ), we performed simulations scanning the MCU activity (multiplying the original MCU activity by a factor a MCU ) and the LCC conductance (multiplying the original LCC conductance by a factor a gCaL ), and measured the corresponding APD for each set of parameters. Increasing MCU up to 6-fold or LCC conductance by 50% resulted in an %1-fold increase in APD, but no EADs were observed in these simulations.
Under the HF condition ( Figure 10B ), EADs occurred at the same pacing cycle length of 2 seconds (triangle). The APD increased to %600 ms, which agrees with the experimental data ( Table 9) . Under this condition, the cytosolic Ca 2+ concentration, SR Ca 2+ load, and mitochondrial free Ca 2+ concentration were substantially higher than those under the normal control conditions during the diastolic period. Despite increased mitochondrial mass and, presumably, mitochondrial buffering potential, diastolic Ca 2+ was increased in nonischemic HF. The EADs were suppressed by blocking MCU activity by 3-fold (diamond), agreeing with the experimental observations that blocking MCU with Ru360 (Figure 4 ) or MCU knockout (Figure 7 ) suppressed EADs. After MCU blockade, the APD, cytosolic Ca 2+ concentration, SR Ca 2+ load, and mitochondrial free Ca 2+ concentration all recovered to approximately the same levels as in the normal control conditions. The EADs could also be suppressed by reducing LCC conductance (circle), but in this case, the mitochondrial free Ca 2+ concentration was twice that of normal controls, whereas the APD, cytosolic Ca 2+ concentration, and SR load became normal.
Similar to the normal condition, we also scanned the MCU activity and LCC conductance (the APD map in Figure 10B ) to systematically investigate the AP dynamics under HF conditions. The APD map shows that the efficacy of MCU block in suppressing EADs depended on LCC conductance, with a larger LCC conductance requiring a stronger MCU blockage.
To understand the underlying mechanisms and reveal the role of mitochondrial Ca 2+ handling in the genesis of EADs, further simulations were performed, which showed that there was a positive feedback between the membrane potential and intracellular Ca 2+ cycling, resulting in a bistable behavior of the AP. Bistability means that a system exhibits 2 stable states under the same conditions, and the system could stay at either of the 2 states, depending on the initial conditions. In our system, the 2 stable states are a long APD state with EADs and with high Ca 2+ (high state) and a short APD state without EADs and with low Ca 2+ (low state). The bistable behavior depends on the strength of MCU. Figure 11A through 11C plots the maximum mitochondrial free Ca 2+ concentration, peak cytosolic Ca 2+ concentration, and SR Ca 2+ load versus a MCU , respectively. When a MCU <2.4, the Ca 2+ concentrations in the 3 compartments stayed at the low state (without EADs), and when a MCU >30, the Ca 2+ concentrations stayed at the high state (with EADs). But when 2.4<a MCU <30, the system could stay at either the low or the high state, depending on the initial conditions. In other words, if the initial condition is close to the low state, it will approach the low state, and vice versa. Figure 11A for the [Ca 2+ ] mitochondrial space threshold), but it took many more beats to load the SR Ca 2+ to the level for EADs to occur. Therefore, the occurrence of Mechanistic insights into the positive feedback loops and the role of mitochondrial handling are detailed in the Discussion.
Discussion
Cardiomyopathy is associated with increased arrhythmic risk, at least in part as a result of increased EADs. After depolarizations are thought to involve alterations in Ca 2+ handling. 6, 12 Mitochondria are known to sequester Ca 2+ and are altered in cardiomyopathy. 12 Therefore, we set out to determine if alterations in mitochondrial Ca 2+ flux could contribute to EADs in cardiomyopathy. We used sustained hypertension to induce nonischemic cardiomyopathy in mice. Consistent with previous reports in other models of cardiomyopathy, these DOCA-treated nonischemic HF mice showed reduced ejection fraction and reduced systolic cytoplasmic Ca 2+ transients. 14, 15, [42] [43] [44] Similar to other myopathic models, these nonischemic HF mice showed electrical remodeling with prolonged QTc intervals and APDs. 1 The enhancement of the NCX inward current in nonischemic HF mice likely contributed to the increased APD. 45 These changes were accompanied by increased spontaneous and induced arrhythmias that could be suppressed by inhibition of mitochondria Ca 2+ handling.
Ru360 is a fast, potent (inhibitory concentration of 50% =0.2 nmol/L), and specific (even at a high concentration of 10 lmol/L) antagonist of MCU. 41 As expected, Ru360 reduced mitochondrial Ca 2+ uptake. The mechanism of reduced EADs with Ru360 appeared to be reduced sarcolemmal NCX current, a key depolarizing current known to be involved in EADs. 2 This effect is most easily explained by Ru360 reducing mitochondrial Ca 2+ loading, reducing mitochondrial Ca 2+ efflux, and decreasing sarcolemmal NCX. The involvement of MCU in the EAD production was supported by the data from MCU +/À mice, which had nearly identical SERCA and MCU, respectively. As illustrated in Figure 12 , there are different feedback loops involved in this process. The first such loop is the positive feedback between voltage and I Ca,L , which is minimally required for EADs to occur. 49, 50 The second loop is the one between intracellular Ca 2+ cycling and EADs, in which reactivation of LCCs during EADs causes Ca 2+ elevation, which results in a larger NCX current to potentiate EADs. This is the positive feedback loop that maintains the bistability between no EADs and EADs in the APs shown in Figure 11 . Figure 10 , and they suggest that changes in mitochondrial Ca 2+ handling are important in the arrhythmic risk seen in cardiomyopathy.
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